Coded shadows of gamma-ray distributions have been made using both random pinhole and non-redundant pinhole coded apertures with a multiwire proportional chamber as detector. Image reconstruction is done optically with incoherent light. Lateral and depth resolution results are presented and calculations of background and signal to noise ratios for the nonredundant aperture are made and compared with the single pinhole collimator.
Introduction
The pinhole collimator and the parallel hole collimator have for some time been the principal methods available for making images of distributions of gammaray sources in Nuclear Medicine applications. These collimators generally have a low transmission from the object to the detector and the images formed are necessarily a two-dimensional projection of the object. Increasing the transmission of these collimators means in most cases an unacceptable worsening of the image resolution.
It only quite recently that coded apertures have been used in gamma-ray imaging in Nuclear Medicine. In this method a coded aperture, some pattern consisting of regions either transparent or opaque to gammarays, is placed between the gamma-ray emitting object and the position-sensitive gamma-ray detector (Fig.  la) . The object makes a coded shadow of the aperture on the detector and this coded shadow is then decoded to produce the image. The coded aperture generally has a much larger transmission area than the single pinhole collimator which has the same resolution and it collects a correspondingly larger number of gamma-rays from the object. In addition the coded shadow contains depth information about the object since a point in the object closer to the aperture casts a larger shadow than one further away.
The first use of a coded aperture was by Mertz and Young who used an off-axis Fresnel zone plate to image X-ray stars.1 Decoding was done by using coherent light from a laser. Barrett later applied this method to Nuclear Medicine imaging using a lead grid in front of the object to reduce the background associated with coded aperture imaging and enabling continuous distributions of gamma-ray sources to be imaged by the offaxis zone plate.2 A coded aperture consisting of a number of pinholes randomly placed, having an average transimission of 50%, was suggested by Dicke for X-ray astronomy and has been used for solar X-radiation.4
Image reconstruction, as suggested by Dicke and also used in the work reported here, uses a mask, similar to the original coded aperture, placed between the image plane and the coded shadow which has been illuminated by a diffuse incoherent light source (Fig. lb) and the low total transmission of these arrdys, '2% compared to 50%0 for a zone plate, mean a much lower background in the image.
Properties of Multiple Pinhole Coded Apertures Image Reconstruction and the Autocorrelation Function
The response to a point source of the multiple pinhole array coded aperture can be seen in Fig. 2. for similar types of apertures, drawn schematically in Fig. 5 . k < * . ' -r E S . -s4 r0FiS * t },.
' S " fd:,p l!l X w(Ng, The N 27 holes of Fig. 3a have been carefully located so that its autocorrelation pattern (Fig. 4a) is nonredundant. That is, while the central peak, r" = 0, has intensity N corresponding to the overlapping of all N holes ftom two superimposed arrays, non-central locations of a(r") have at most intensity 1 corresponding to at most one hole from edch of the superimposed arrays overlapping at a given displacement r" (Fig. 5a) .
In contrast to this array, the regularly spaced array of Fig. 3b having the same number of holes has a highly redundant autocorrelation pattern (Figs. tb and Sb). The central peak still has intensity N and the total amount of background is still the same, N(N-1), but for this array a niumber of holes have overlapped simultaneously giving a localized and relatively high intensity contribution to the image background. The random array (Fig. 3c) Fig. 8 . Assumption 3 assures that the spacing of the object points (Fig. 8b) is the same as the spacing of the autocorrelation points (Fig,. Ba) The background is maximum in the center of the image of our uniform object and falls to some finite value on its edges.
Noise 0cin the image is due to statistical fluctuations in the number n0 of gamma ray events and comes from independent fluctuations in the signal and in the background. Thus we have The detector used in our multiple pinhole imaging was a 30 cm by 30 cm xenon-filled multiwire proportional chamber having a resolution of about 1½ mm. X-Y coordinates of gamma-ray events were determined by delayline readout and the location of an event could be exhibited as a point of light on an oscilloscope face or digitized and read out on magnetic tape. Properties of these chambers and read-out electronics have been given elsewhere.10 In our test objects we used gammarays of 30 and 60 KeV energies. No attempt was made to simulate scattering by the source of the more usually employed 140 keV gamma-rays since we wished only to test the properties of the imaging system. The imaging method is applicable to the scintillation camera generally used in Nuclear Medicine giving results with somewhat less resolution.
The coded apertures used were made from 11½ mm thick lead and the arrays were usually about 8 cm across. Diameters of pinholes, 2 to 3 mm, were chosen so their shadows on the detector were at least 3 times chamber resolution.
The shadowgram transparency is made by taking a time exposure of the oscilloscope which displays the gamma-ray events. Shadowgrams in coded aperture imaging are much denser in the center than on the edges and some care must be taken not to saturate the film. The developed transparency is placed on a diffusing screen and illumined from behind, the light source being a 500 watt projector. The viewing screen is placed about a meter downstream. The mask, aluminum foil perforated with a replica of the coded aperture used, is placedbetween screen and shadowgram. The initial focussing is done by rotating the mask about a longitudinal axis so it lines up with the original aperture, and by moving the mask longitudinally to focus on the screen. When this is done a simple movement of the screen is all that is necessary to bring different planes in the object into focus. If the mask is made so that the ratio of mask size to film size is the same as the aperture to chamber ratio then images of different planes in the object have the same sizes.
Images of point sources taken with the apertures of 
For our N=27 hole non-redundant aperture, a relatively large number of holes, the number of object picture elements M is "large" when M > 27 x 26 = 702. The usual number of picture elements in Nuclear Medicine situations is generally larger than this number and so, A standard Picker Thyroid Phantom was used as the object and the images obtained with pinhole arrays which differ only in the placement of their 27 holes, non-redundant, redundant, and random arrays, are compared in Fig. 11 . We were unable to obtain a Fig. 11 (Fig. 7) .
A shadowgram was produced using sources in the shape of triangle, cross, and circle, located in 3 planes spaced 25 mm apart. Images from this shadowgram of object planes separated by 6¼ mm are shown in Fig.12. The depth of field, calculated from Eq. 5, is 19 mm at the center.
Conclusion
Multiple pinhole array coded aperture imaging of gamma-rays has been demonstrated for three dimensional source distributions. The method can be used with a number of gamma-ray detectors with a simple optical setup for image reconstruction.
Background is fairly low when the number N of holes is kept low but becomes larger as N increases. The distribution of background depends on the autocorrelation function of the coded aperture. Both non-redundant and random arrays give useful images but image quality is better for the former because of its smooth autocorrelation function. Background can be reduced with 
